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degradation by phagocytes (Figure 1). 
Polysaccharide that has dissociated 
from the cell also inhibits T-cell and 
cytokine responses, and this curious 
property has prompted investigation 
into using purified Cryptococcus 
capsule as a potential therapy for some 
forms of autoimmunity. Embedded 
in the cell wall, directly below the 
sugar coat, resides a pigment, 
melanin, that is capable of scavenging 
oxygen radicals deployed by host 
cells, thereby preventing oxidative 
damage and promoting survival 
inside phagocytes. The pigment can 
also bind to conventional fungicides 
and reduce drug efficacy. When the 
yeast is growing in the environment, 
melanin confers a fitness advantage by 
permitting the fungus to grow at wide 
temperature ranges, survive in high 
concentrations of toxic metals, and 
resist ionizing radiation. 
Cryptococcus also forms gigantic 
cells dubbed ‘titan cells’, which are 
too large for phagocytes to engulf 
(Figure 1), are able to protect normal 
cryptococcal cells from the host 
immune response, and play a key role 
in establishment of disease. Finally, 
one of the sexes (the a mating type) 
is more prevalent in both the 
environment and the clinic. The a 
cells are bisexual — they undergo 
heterosexual mating with the opposite 
mating type, but are also homosexual, 
able to propagate by same-sex 
mating. These traits collectively 
distinguish Cryptococcus from many 
other human pathogens.
Can Cryptococcus make you sick? 
Yes and no. Cryptococcus is found in 
the environment, in and on things we 
are exposed to often. Been to a city 
park? You’ve probably been exposed to 
Cryptococcus. Cryptococcus can live in 
pigeon droppings, in soil, on trees, and 
in other environmental reservoirs not 
yet fully defined. Normally, your immune 
system fights the cryptococcal infection 
and you may never know you have 
been exposed. But Cryptococcosis is 
recognized as an emerging infectious 
disease. Cryptococcus gattii can infect 
and cause disease in otherwise healthy 
individuals. More than 200 people 
have acquired C. gattii infections in 
the North American Pacific Northwest 
in an outbreak that is spreading south 
down the Pacific coast. In addition, 
Cryptococcus neoformans significantly 
burdens immunocompromised 
populations — mainly organ transplant 
patients on immunosuppressants and 
persons living with HIV/AIDS. More than 
a million new cases of C. neoformans 
are reported annually in persons 
infected with HIV, and even with the 
availability of anti-retroviral and anti-
fungal therapies, the rate of survival is 
less than 40%. 
Cryptococcal meningitis has 
surpassed tuberculosis as the most 
lethal opportunistic infection of AIDS 
patients in Africa. Roughly half the 
people that survive this meningitis 
are often confronted with additional 
complications during immune 
recovery. Patients can experience a 
clinical relapse of aseptic meningitis 
and non-central nervous system 
inflammation that can result in death. 
By and large, the general public need 
not fear infection, but cryptococcosis 
remains an important public health 
concern in specific regions of the 
world. 
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Figure 1. Micrograph of Cryptococcus cells 
stained with india ink.
The polysaccharide capsule is visible as a 
zone of clearing around the cell body. Two 
normal size cryptococcal cells have been 
phagocytosed by host cells. In contrast, the 
titan cells are too large to be phagocytosed.Endosymbiosis
Jennifer J. Wernegreen
The phenomenon of endosymbiosis, 
or one organism living within another, 
has deeply impacted the evolution 
of life and continues to shape the 
ecology of countless species. 
Traditionally, biologists have viewed 
evolution as a largely bifurcating 
pattern, reflecting mutations and other 
changes in existing genetic information 
and the occasional speciation and 
divergence of lineages. While lineage 
bifurcation has clearly been important 
in evolution, the merging of two 
lineages through endosymbiosis has 
also made profound contributions to 
evolutionary novelty. Mitochondria 
and chloroplasts are relicts of ancient 
bacterial endosymbionts that ultimately 
extended the range of acceptable 
habitats for life by allowing hosts to 
thrive in the presence of oxygen and 
to convert light into energy. Today, the 
sheer abundance of endosymbiotic 
relationships across diverse host 
lineages and habitats testifies to their 
continued significance.
Endosymbionts and their hosts often 
represent distinct domains of life. As a 
consequence, their amalgamation can 
generate entirely new combinations 
of biochemical capabilities and 
allow the two, intertwined species 
to thrive in environments that would 
be inhospitable to either alone. For 
example, these intimate relationships 
often involve a bacterial endosymbiont 
living within a eukaryotic host. From 
an evolutionary standpoint, bacteria 
had a couple billion-year head start on 
eukaryotes. Not surprisingly, bacteria 
invented many biochemical processes 
that are central to ecosystem 
functioning. These include the only 
known forms of primary energy 
production — photosynthesis and 
chemosynthesis — as well as key 
mechanisms of nutrient recycling, such 
as nitrogen fixation. Eukaryotes are 
able to perform these functions only 
by virtue of their ancient or current 
endosymbiotic associations with 
bacteria (or, more rarely, with archaea). 
The most comprehensive definition 
of endosymbiosis includes the full 
spectrum of interaction types, from 
harmful (parasitic) to beneficial 
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Figure 1. The freshwater amoeba Paulinella 
chromatophora, showing its two chromato-
phore endosymbionts.
The photosynthetic chromatophore bodies 
are relicts of free-living cyanobacteria. In light 
of close integration, the chromatophore can 
arguably be considered an organelle rather 
than an endosymbiont. The amoeba cell 
is ~15 mm long. (Image credit: Ferry J. Sie-
mensma.)(mutualistic), and applies to organisms 
living anywhere within the host body, 
such as within tissues or cells. While 
this inclusive view of endosymbiosis is 
probably the most appropriate, the vast 
array of interactions it encompasses 
surpasses the scope of a brief primer.
 Here, I focus on a particular type of 
endosymbiosis: beneficial associations 
in which one organism lives within 
the very cell(s) of its host. Otherwise 
known as intracellular mutualists, these 
endosymbionts allow hosts to succeed 
in diverse contexts, from nitrogen-
poor soils and unbalanced diets, to 
oligotrophic aquatic environments and 
hydrothermal vents. Such mutualists 
include obligate partners that are 
absolutely essential to host survival, 
as well as facultative or ‘optional’ 
associates that provide benefits 
under particular environments or 
circumstances. They are transmitted 
to hosts through various strategies, 
ranging from recurrent acquisition 
from the environment, to more stable 
transmission in which endosymbionts 
divide along with the host cell or are 
integrated into the host germ line. 
Below I highlight some key functions 
that mutualistic endosymbionts 
perform, provide a few examples, 
and then discuss a phenomenon 
that characterizes nearly all such 
associations: host–symbiont 
integration. 
Diversity and significance
Key functions performed by 
mutualistic, intracellular endosymbionts 
include harvesting energy from light 
or chemicals, converting nitrogen into a usable form, and synthesizing 
nutrients that supplement the host’s 
diet, just to name a few. The examples 
below include bacterial and protistan 
endosymbionts that inhabit the cells 
of protists, plants, and invertebrates. 
It is no accident that examples of 
vertebrate hosts are missing. With 
one known exception of beneficial 
algae that live inside salamander 
cells, intracellular endosymbionts are 
pathogenic in vertebrates.
Photosynthesis
The current distribution of 
photosynthesis across the tree of 
life involves a complex history of 
endosymbiosis. The conversion of 
solar energy into chemical energy 
was invented by cyanobacteria about 
2.4 billion years ago, leading to the 
oxygenation of the earth’s atmosphere. 
More than one billion years ago, an 
endosymbiosis between a single-
celled protist and a photosynthesizing 
cyanobacterium gave rise to the 
chloroplast. This first photosynthesizing 
eukaryotic lineage was the ancestor 
of red algae, green algae, and land 
plants. Photosynthetic capabilities were 
spread further across the eukaryotic 
tree via the engulfment of red and green 
algae by other protistan hosts, or so-
called ‘secondary’ symbiosis. Massive 
gene transfer from endosymbionts to 
the host, and even the merger of the 
two nuclei, characterized these ancient 
events. On more recent evolutionary 
time-scales, numerous independent 
acquisitions of cyanobacterial and 
algal endosymbionts have spread 
photosynthetic capabilities even 
more broadly. In total, about half of 
the major (approximately kingdom-
level) eukaryotic groups include 
photosynthetic representatives as a 
result of these ancient or more recent 
endosymbioses.
Since the chloroplast originated 
through endosymbiosis, many have 
looked to more recent acquisitions 
of phototrophic endosymbionts for 
clues about the early stages of plastid 
evolution. In general, more recent 
associations have proved too young 
to tell us much about plastid evolution. 
That is, until recently.
A new model for plastid evolution 
has become the focus of intense 
study and discussion. A fresh-water 
amoeba, Paulinella chromatophora, 
houses two photosynthetic 
inclusions called chromatophores 
(Figure 1). Though clearly derived from free-living cyanobacteria, the 
chromatophores can’t survive outside 
of their amoeba host. Division and 
partitioning of these bodies reflects 
a highly regulated process that 
is likely host controlled. Genome 
sequence data have revealed that, 
like many long-term endosymbionts, 
the chromatophore genome has lost 
numerous genes. Its genome size 
is only ~1 Mb, much smaller than a 
typical cyanobacterial genome (~3 Mb). 
Recent work revealed that a few dozen 
chromatophore-derived genes have 
moved to the amoeba host genome, 
apparently some time ago since the 
base composition of the genes now 
resembles that of the host. Many of 
these genes encode proteins that are 
involved in photosynthesis and are 
imported back into the chromatophore. 
In this sense, the chromatophore meets 
two, often-cited criteria for organelle 
status: gene transfer into the host 
nucleus, and import of host-encoded 
proteins back into the organelle. Thus, 
this fascinating protist upsets the view 
that chloroplasts evolved just once, 
or at least challenges any clear-cut 
distinction between endosymbionts 
and organelles. 
In addition to spreading 
photosynthesis among protistan 
lineages, endosymbionts also enable 
animal hosts to photosynthesize, 
a fact that may be counterintuitive 
to most classically trained 
biologists! Cyanobacterial and algal 
endosymbionts are particularly 
common among marine invertebrates, 
such as mollusks, sponges, and 
cnidarians (corals, hydra, anemones) 
(Figure 2). These groups have a high 
surface:volume ratio that is ideal for 
trapping light. From the host cell, 
the endosymbiont acquires water, 
inorganics (e.g., CO2, NH3, PO43-) 
that would otherwise be excreted 
by the host, and other compounds; 
conversely, the animal benefits from 
a reliable source of fixed carbon. In 
these hosts, algal endosymbionts 
(which include dinoflagellates 
of the genus Symbiodinium) are 
called zooxanthellae, typically live 
within a host-derived membrane, 
photosynthesize at a rate comparable 
to cells in culture, and release nearly 
half of their fixed carbon to the host. 
Such relationships provide an obvious 
advantage, especially in well-lit 
oligotrophic habitats. However, such 
symbioses may also be sensitive to 
environmental stresses that generate 
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Figure 2. Photosynthesizing zooxanthellae live freely and within invertebrate hosts. 
(A) The dinoflagellate Symbiodinium is a common type of zooxanthellae found freely and within 
animal hosts. Image shows Symbiodinium kawagutii under a light microscope. (Image credit: 
Scott R. Santos, Department of Biological Sciences, Auburn University.) (B) A coral polyp hous-
ing photosynthetic, brownish-green zooxanthellae. The coral host relies on zooxanthellae for 
food and some of its oxygen. (Image credit: Alison Moulding/National Coral Reef Institute.)reactive oxygen species by affecting 
the balance between collection and 
use of solar energy. Perhaps the most 
notable example is coral bleaching, 
which reflects the death or expulsion of 
zooxanthellae under such stresses. 
Chemosynthesis
In contrast to the phototrophs above 
that fix carbon using light as the energy 
source, chemosynthetic organisms 
fix carbon by harnessing energy from 
the oxidation of chemicals such as 
sulfide or methane. Chemosynthetic 
species are the primary producers 
in marine habitats that contain high 
concentrations of reduced energy 
sources, yet also provide access to 
the oxidants (oxygen, nitrate, sulfate) 
required for chemosynthetic reactions 
to occur. Famously represented by 
hydrothermal vents, such habitats also 
include deep-sea cold seeps, whale 
falls, continental slope sediments, 
and shallow coastal sediments. 
Only prokaryotes can perform 
chemosynthesis. However, animals 
have harnessed this ability repeatedly 
through symbiotic associations. 
Consequently, animal communities 
in reducing marine environments are 
among the most productive known. 
Intracellular chemosynthetic 
endosymbionts are found in mollusks 
and annelids. (Extracellular and 
epibiotic chemosynthetic symbionts 
occur in an additional four invertebrate 
phyla.) Such associations are best 
studied in giant tubeworms (Figure 3) 
and solemyid clams. In these hosts, 
the bacteria live within cytoplasmic 
vacuoles of specialized cells known 
as bacteriocytes. There, the bacteria 
fix CO2 into organic matter, using 
energy obtained by the oxidation of 
sulfur compounds. The challenge of 
obtaining both oxygen and sulfide 
(which can react together abiotically) 
is met by host behavioral adaptations, 
such as positioning of the body to 
span anoxic–oxic interfaces, as well 
as by physiological adaptations, 
including specialized hemoglobins 
in tubeworms that bind sulfide and 
oxygen at independent sites. Some 
hosts, such as the tubeworm, have 
entirely lost their digestive system and 
instead obtain all of their energy from 
the chemosynthetic reactions of their 
endosymbiont. 
Nitrogen fixation
Nitrogen is typically a limiting 
nutrient for primary productivity, be it photosynthesis in a terrestrial forest 
or chemosynthesis at a deep-sea 
vent. Nitrogen fixation, the conversion 
of abundant but inaccessible 
atmospheric nitrogen (N2) into a usable 
form of ammonia (NH3), provides a 
significant portion of nitrogen input 
in most habitats. Nitrogen fixation 
is restricted to certain bacterial and 
archaeal groups, but diverse eukaryotic 
lineages have acquired this capability 
via endosymbiosis and can thrive 
in nitrogen-poor environments. For 
example, nitrogen-fixing bacteria live 
within certain algae and diatoms, and 
within specialized cells of legumes 
(Figure 4) and some other plants. 
Nitrogen-fixing endosymbionts are also 
common in many groups of marine 
invertebrates, such as mollusks, 
corals, and sponges. For instance, 
shipworms, wood-boring mollusks 
nicknamed ‘termites of the ocean’ 
because they can destroy manmade 
wooden structures, require intracellular 
nitrogen-fixing, cellulose-digesting 
bacteria in order to subsist on their 
poor quality wood diet. 
The physiologies of these 
endosymbioses have been shaped 
by the need to separate O2 from 
nitrogen fixation reactions, since 
oxygen inactivates the enzymes 
involved. Diverse mechanisms have 
evolved to achieve this separation. For 
example, in legumes, a hemoglobin 
(called leghemoglobin) molecule 
supplies rhizobia-filled nodule cells 
with just enough oxygen to satisfy 
requirements for cellular respiration, 
without exceeding the threshold that would inhibit nitrogen fixation. 
Leghemoglobin occurs at such high 
levels that a cut nodule can literally 
‘bleed’ red.
Maintaining low-O2 environments 
for nitrogen fixation is particularly 
challenging when the endosymbiont is 
also an oxygen-producing phototroph. 
For instance, in some diatom species, 
the cyanobacterial endosymbiont not 
only photosynthesizes, but also fixes 
nitrogen. In these cases, the host may 
show strong physiological periodicity 
and limit nitrogen fixation to dark 
periods. Temporal separation also 
occurs in some corals that contain 
both photosynthesizing and nitrogen-
fixing microbes. Such corals often 
show higher levels of nitrogen fixation 
during early morning and evening 
hours, when O2 levels in their tissues 
are relatively low. 
Diet supplementation
Among animals, insects are especially 
prone to establishing relationships 
with intracellular bacteria, including 
mutualistic endosymbionts. These 
symbioses are typically nutritional 
in nature, and the bacteria often 
supplement specific nutrients that 
are missing in the insect host’s diet. 
Not surprisingly, such associations 
are most common among insects that 
feed on unbalanced diets, such as 
plant sap, grains, or blood. 
The majority (~80%) of known 
intracellular mutualists in insects 
are found in hosts that feed on plant 
phloem or xylem sap, including aphids, 
psyllids, mealybugs, sharpshooters, 
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Figure 3. Adult tubeworms (Riftia pachyptila) at a deep-sea hydrothermal vent.
Like many other animals in chemically reducing marine environments, these worms rely on 
chemosynthetic bacterial endosymbionts that harness energy from the oxidation of sulfur 
compounds. (Image credit: Monika Bright.)spittlebugs, cicadas, hoppers, among 
others. The remarkable ability of 
these groups to thrive on a sugar-
rich but amino acid-poor diet can be 
explained by intracellular bacteria 
that provide essential amino acids 
and other nutrients. In some cases, 
two, coresiding endosymbiotic 
bacteria inhabit the same host cell 
and provide a complementary set of 
nutrients (Figure 5). A variation on 
this theme, blood-feeding insects 
such as tsetse flies also rely on 
intracellular mutualists, but ones 
that provide B-complex vitamins 
and cofactors that are lacking in a 
blood diet. In these examples, the 
bacterial associate allows an insect 
host to thrive on an unbalanced diet 
by supplementing missing nutrients. 
Insect endosymbionts may also 
perform more general nutritional 
functions such as nitrogen recycling, 
as shown in ants and cockroaches, 
allowing access to nitrogen during 
periods of low food input.
As mentioned above, long-term 
obligate endosymbiosis often leads 
to genome reduction. This reduction 
is severe in some insect mutualists. 
Compared to the 4–5 Mb genomes 
of related free-living bacteria, these 
mutualist genomes are less than 
1 Mb. In the case of dual, coresiding 
endosymbionts, genome size can 
be exceedingly reduced (as small as 
139 kb), representing the smallest known bacterial genomes. Such 
severe genome streamlining has 
led to a complete, likely irreversible 
dependence on the intracellular 
environment and raises the question 
of whether these bacteria should be 
considered organisms distinct from 
their host. 
Axes of integration
To varying degrees, and by diverse 
routes, beneficial endosymbionts 
show physiological and genetic 
integration with their hosts. While 
parallels between endosymbionts and 
organelles have long been known, 
recent studies highlight shockingly 
close integration. Such endosymbionts, 
like the amoeba chromatophore 
mentioned above, appear to be well 
along an evolutionary trajectory toward 
organelle, if not already there. 
Evolutionary stability
Not surprisingly, host–endosymbiont 
integration is influenced by the extent 
to which the partners have evolved 
together. The most extreme case of 
evolutionary connectedness involves 
endosymbionts that are transmitted 
vertically, from hosts directly to the next 
generation of offspring. Among animal 
hosts, this transmission often occurs 
maternally, via eggs. Stable vertical 
transmission over long timescales 
leads to a shared evolutionary 
history for hosts and endosymbionts, evidenced by matching phylogenetic 
trees. Coevolution may also occur if 
genetic changes in the endosymbiont 
influence those in the host, and vice 
versa. 
The nutritional endosymbionts of 
insects represent some of the most 
ancient and stable endosymbioses, 
in which host groups have coevolved 
with their respective endosymbiont 
lineage(s) for tens or even hundreds of 
millions of years. In their transmission 
to host offspring, nothing is left to 
chance, and endosymbionts are 
maternally transmitted with high 
fidelity. Many features of these 
relationships, including the severely 
reduced genomes of the bacteria and 
tight functional integration with the 
animal host, reflect their long, shared 
evolutionary history. As a consequence 
of their long-term stability, obligate 
mutualists of insects have emerged 
as a model to study highly integrated 
endosymbioses.
By contrast, many hosts acquire their 
endosymbionts from the environment 
each generation. Examples include 
nitrogen rhizobia–legume association, 
some coral–dinoflagellate symbioses, 
and the partnership between 
tubeworms and chemosynthetic 
bacteria. In these cases, the host must 
‘find’ its endosymbiont among the 
numerous microbes in the environment. 
This horizontal transmission mode 
is prone to at least occasional 
replacement of one endoysmbiont 
lineage with another. While exceptions 
exist, these more fluid relationships 
generally do not show the extremely 
close integration found in some 
vertically transmitted endosymbionts.
Functional integration
Endosymbiotic associations show 
varying degrees of functional 
integration, defined here as mutual 
contributions of both partners to key 
physiological processes. For example, 
in chemosynthetic symbioses, the 
host provides access to substrates 
such as sulfide, oxygen, and CO2, 
while the bacteria return fixed carbon 
that supports host growth. Likewise, 
the photosynthetic endosymbionts 
noted above obtain water, CO2, and 
other compounds from their hosts, 
while returning sugars and other 
products of photosynthesis. Nitrogen-
fixing endosymbionts uptake N2 and 
return NH3 that can be assimilated 
into host protein synthesis. Nutritional 
endosymbionts of insects supply 
Magazine
R559
Figure 4. Nitrogen fixation in the legume–rhizobia interaction.
(A) Root nodules on a Touch-Me-Not herb (Mimosa pudica). (B) Nodule cells filled with rhizobia bacteria. Darkly stained cells contain numerous 
rhizobia cells in the cytoplasm, surrounding the host nucleus. After a period of rapid multiplication within the nodule cells, rhizobia lose their 
motility and terminally differentiate into bacteroids. (Images courtesy of Catherine Masson-Boivin; adapted from Trends Microb. 17, 458–466.)hosts with essential amino acids and 
cofactors in exchange for energy 
sources and other nutrients (e.g., 
nonessential amino acids) from the 
host. These examples of functional 
integration must involve exchanges 
of metabolites between host and 
endosymbiont and probably depend on 
host secretory systems or specialized 
transporters. However, in most cases, 
we have very little understanding of 
the mechanisms underlying metabolite 
transfer.
The extent of integration across 
physiological functions depends, 
in part, on the level of dependence 
between host and symbiont. At one 
end of the spectrum, the relationship 
may be facultative for both partners, 
with neither absolutely requiring the 
other. For example, nitrogen-fixing 
rhizobia can live freely on soil organic 
matter apart from legume hosts, 
although they cannot fix nitrogen in this 
free-living state. Likewise, the legume 
partner does not require rhizobia in 
order to grow, as long as sufficient 
nitrogen is present. In this sense, while 
the partners rely on each other for 
nitrogen fixation, numerous metabolic 
functions can be performed perfectly 
well independently.
In some cases, the relationship 
may be obligate for one, but not 
both, partners. For example, while 
photosynthetic dinoflagellate 
endosymbionts of corals also live 
freely in the ocean, most coral hosts 
cannot survive very long after a 
severe bleaching event that eliminates the endosymbionts. While the 
dinoflagellate does not depend on 
the coral, the host requires nutrients 
provided by its phototrophic partner. 
Not surprisingly, pervasive functional 
integration across numerous functions 
is mostly found in mutually obligate 
host–endosymbiont interactions. 
Among sap-feeding insects that 
possess coresiding bacterial 
endosymbionts, the two bacteria 
often encode biosynthetic pathways 
for distinct but complementary amino 
acids. Combined, the bacteria can 
synthesize the ten essential amino 
acids required by the insect host. 
Functional integration among co-
residing endosymbionts and insect 
hosts may be tighter still. In some 
cases, biosynthesis of one particular 
amino acid requires enzymes of both 
bacteria, and even the insect host as 
well. This intertwining of functions 
means that all players contribute to 
a single pathway. Again, this level of 
integration must involve the shuttling 
of enzymes or metabolites, but 
mechanisms of such exchanges are 
unclear. 
Cellular integration
Whether occupying unicellular 
hosts (such as protists) or cells of 
multicellular hosts, endosymbionts 
have arrived on a variety of living 
arrangements. Often endosymbionts 
live within a host-derived compartment 
of some type, such as a host-derived 
membrane or within a vacuole. 
Alternatively they may live directly in the cytoplasm. Associations with 
animal hosts (such as insects and many 
marine invertebrates mentioned above) 
are often restricted to specialized 
host bacteriocytes that are devoted 
to housing bacterial endosymbionts. 
In a remarkable instance of cellular 
integration, co-residing bacterial 
endosymbionts in mealybugs are the 
only known example of a bacterium 
living within another bacterial cell. 
One bacterium lives within the cells of 
the other, which in turn resides within 
mealybug bacteriocytes (Figure 5). 
The presence of host-derived 
membranes may influence a key aspect 
of functional and cellular integration: 
exchange of proteins and metabolites 
between the host and endosymbiont. 
In fact, protein import is often cited as 
a key distinction between organelles 
and endosymbionts. That is, organelles 
rely on the presence of a system for 
protein import while endosymbionts 
presumably do not. 
Recent work has suggested the story 
may be more complex. First, while 
mitochondria and chloroplasts rely on 
a dedicated protein import system, 
import can also occur more generally 
via the host secretory system. If a more 
general import system might have 
evolved first in organelle evolution, then 
a dedicated targeting system is not 
a prerequisite for protein import. The 
discovery of nuclear-encoded proteins 
within the Paulinella chromatophore 
has reignited the discussion. The 
nature of the targeting pathway 
remains unclear, but the discovery 
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Figure 5. Dual endosymbiosis within a sap-
feeding insect. 
(A) The citrus mealybug, Planococcus citri, 
feeds on a variety of plant hosts. Like many 
other plant-feeding insects, they rely on bacte-
rial endosymbionts to supplement amino acids 
and other nutrients missing in their diet. (Image 
credit: John A. Davidson.)  (B) Artificially color-
ized TEM of mealybug (P. citri) bacteriocytes. 
Dual bacterial endosymbionts are colored dark 
blue and red. Mealybug cytoplasm is grey, and 
the mealybug nucleus is green. In this Russian 
doll-type arrangement, one bacterial endo-
symbiont lives within the other, and both live 
within the mealybug cell. Scale bar = 2.33 μm. 
(Image credit: Carol D. von Dohlen and William 
R. McManus.)suggests that protein import does 
not necessarily depend on a specific 
targeting system typically associated 
with chloroplasts. 
Cellular integration not only 
facilitates exchange of metabolites, 
but may also allow the host to control 
endosymbiont division. While such 
control is poorly understood in 
most associations, hosts probably 
have some mechanisms to control 
symbiont proliferation. Host control 
is often inferred from microscopy, if 
endosymbiont cells only divide when 
the host cell divides. In some cases, 
the loss of basic replication genes, 
such as the conspicuous loss of 
the replication gene dnaA in some 
insect endosymbionts, suggests that the host may control endosymbiont 
DNA replication. Host immune 
functions, including the production 
of antimicrobials, are known to 
control the spread of endosymbiotic 
mutualists to cells where they don’t 
belong. These mechanisms may guard 
against the emergence of exploitative 
endosymbionts that proliferate at the 
host’s expense. 
Genomic integration
Genome sequence data have revealed 
a striking trajectory of gene loss 
across numerous, phylogenetically 
independent endosymbionts, 
particularly those that can’t live outside 
of their hosts. Much of this gene loss 
may reflect the fact that numerous 
metabolic functions are no longer 
required in a relatively stable and 
nutrient-rich host cellular environment. 
However, in some cases of extreme 
genome reduction, even presumably 
important genes have been deleted. 
For example, the ~1 Mb genome of the 
Paulinella chromatophore is missing 
many genes considered essential 
for cyanobacterial growth, such as 
those involved in the tricarboxylic acid 
cycle and biosynthesis of key amino 
acids and cofactors. Among insect 
mutualists, genome reduction is even 
more extreme. For instance, the tiny 
(160 kb) genome of bacteria living 
within sap-feeding psyllids lacks many 
key genes involved in core cellular 
functions such as DNA replication, 
transcription and translation. The 
even smaller genomes of some dual, 
coresiding endosymbionts may 
complement each other, but the 
combined metabolic capabilities of the 
two bacteria are still minimal.
Such severe gene loss in 
endosymbionts begs the question 
of whether missing genes have 
transferred to the host nuclear genome. 
We know the evolution of mitochondria 
and chloroplasts involved massive 
transfer of genes to the host nucleus, 
including many genes encoding 
proteins that are imported back into the 
organelle and control its function. Has 
gene transfer to the host nucleus also 
occurred in endosymbionts, and if so, 
to what extent? In most cases, this is 
an open question, as only rarely do we 
have genomic or EST data of the host 
to address this possibility. 
As noted above, we do know that 
gene transfer into the host nucleus 
has occurred from the Paulinella 
chromatophore, tentatively considered a photosynthetic organelle. This 
amoeba is not alone, as gene transfer 
from endosymbionts or food items 
into protist genomes apparently 
occurs fairly frequently. Endosymbiont 
gene transfer may be more rare in 
multicellular hosts with a sequestered 
germ line, since any transfer event 
would need to affect the germ line cells 
in order to be heritable. The few known 
examples in animals include gene 
transfer from the reproductive parasite 
Wolbachia to insect and nematode 
host genomes, and transfer from 
Buchnera to the aphid nuclear genome 
(although the transferred Buchnera 
genes appear to be non-functional). It 
is certainly possible that genes missing 
form the highly reduced, vertically 
transmitted mutualists (such as psyllid 
endosymbionts) now reside in the host 
nucleus, but this remains to be seen. 
Conclusions
In sum, by combining the capabilities 
of two previously distinct organisms, 
endosymbiosis has played a profound 
role in driving evolutionary innovations. 
These relationships have enabled 
eukaryotic hosts to harness prokaryotic 
capabilities such as photosynthesis, 
chemosynthesis, and nitrogen fixation. 
Establishing relationships with bacteria 
that can perform these functions has 
opened a vast array of niches that 
would be inaccessible otherwise. 
Although endosymbiosis includes 
a huge range of interaction types, the 
term is commonly used in reference to 
beneficial, intracellular associations. 
Such mutualisms are often closely knit, 
evolutionarily stable, and characterized 
by a high degree of functional and 
genetic integration. Hosts typically 
show physiological adaptations that 
support the endosymbiotic relationship, 
one example being hemoglobins that 
create chemical microenvironments 
conducive to endosymbiont 
metabolism. Likewise, endosymbionts 
often undergo extensive changes, 
most notably genome reduction. Some 
endosymbionts appear to be on an 
evolutionary trajectory that is similar to 
that of organelles, albeit at an earlier 
stage.
In studies of endosymbiosis, one 
of the biggest surprises in recent 
years has been incredibly close 
host–endosymbiont integration in some 
instances. This striking integration 
is apparent in mutual contributions 
to key metabolic functions, severe 
gene loss in some endosymbionts, 
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and actual positional changes of 
individuals during an attack has only 
been studied in a few cases [5,6]. 
In 1973, Hamilton [3] cited sheep 
flocking behaviour in response to a 
herding dog as an anecdote in support 
of his selfish-herd theory. We have 
quantified sheep flocking in response 
to herding by a dog in a controlled but 
naturalistic setting.  In our experiments, 
a trained Australian Kelpie working 
dog was directed verbally to herd a 
flock of initially resting sheep (n = 46 
individuals) to a target zone (an open 
gate) with minimal guidance (given 
the command “bring them home”). 
Both the sheep and the sheepdog 
were fitted with a ‘data-logger’ 
[7,8] on a harness (Figure 1C) that 
comprised a GPS module and antenna, 
a microcontroller, data storage 
card and a rechargeable battery 
(see Supplemental Experimental 
Procedures for details).
We collected data during three 
herding events, and re-constructed 
the position of all sheep in Euclidean 
space every second from our GPS 
data (see Supplemental Movies  
S1–S3). From this positional 
information, we calculated the flock’s 
geometric centre — the centroid — 
and the dog’s distance to this flock 
centroid on a second-by-second 
basis. Then, since sheep are predicted 
to move towards the centre of the 
flock under attack [3], we calculated 
the distance of all sheep to the flock 
centroid each second. The mean of all 
sheep distances to the flock centroid 
represented a measure of ‘flock 
cohesion’. These data were explored, 
providing the first quantification of 
sheep flocking response to a herding 
dog (Figure 1). 
Inter-sheep distance and overall 
flock configuration varied at the start 
of each of our trials. In each trial the 
flock responded to the approaching 
dog (began to move) at a distance 
of around 70 m (Figure 1A), and 
demonstrated classic aggregation 
and avoidance behaviour (Figure 
1A; Supplemental Movies S1–S3). 
Individual sheep moved towards the 
flock centroid until they were in a 
tight cluster [3], with sheep farthest 
from the centroid moving the greatest 
distance (Figure 1B). The time taken 
for this transition from a dispersed 
to a clustered state to occur was 
proportional to initial flock cohesion 
(Figure 1A), suggesting that the sheep 
moved towards the flock centre at a 
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Flocking is a striking example of 
collective behaviour that is found 
in insect swarms, fish schools and 
mammal herds [1]. A major factor in 
the evolution of flocking behaviour 
is thought to be predation, whereby 
larger and/or more cohesive groups 
are better at detecting predators 
(as, for example, in the ‘many eyes 
theory’), and diluting the effects of 
predators (as in the ‘selfish-herd 
theory’) than are individuals in 
smaller and/or dispersed groups 
[2]. The former theory assumes that 
information (passively or actively 
transferred) can be disseminated 
more effectively in larger/cohesive 
groups, while the latter assumes that 
there are spatial benefits to individuals 
in a large group, since individuals can 
alter their spatial position relative to 
their group-mates and any potential 
predator, thus reducing their predation 
risk [3]. We used global positioning 
system (GPS) data to characterise the 
response of a group of ‘prey’ animals 
(a flock of sheep) to an approaching 
‘predator’ (a herding dog). Analyses of 
relative sheep movement trajectories 
showed that sheep exhibit a strong 
attraction towards the centre of the 
flock under threat, a pattern that we 
could re-create using a simple model. 
These results support the long-
standing assertion that individuals 
can respond to potential danger by 
moving towards the centre of a fleeing 
group [2]. 
Upon detecting a potential predator, 
animal aggregations are often said to 
‘close-in’ on themselves [3]. However, 
attempts to quantify individual 
animal spacing and relating this to 
risk are impeded by the inherently 
unpredictable nature of predator 
attacks. Thus, our understanding 
of this selfish herd behaviour has 
largely been informed by computer 
simulations and modelling [1–4], 
Correspondencesdocumented gene transfer to the host nucleus, and import of proteins 
back to the endosymbiont. Such 
profound functional and genetic 
interconnectedness raises the question 
of whether such partnerships represent 
two distinct organisms or a unified 
amalgamation.
While some endosymbiotic 
interactions have been known for many 
years, it is humbling to remember 
that numerous associations were 
completely unknown just a few 
decades ago, or even a few years 
ago. Even among the long-studied 
associations, our understanding of 
underlying mechanisms is expanding 
thanks to new approaches to study 
the physiological and genomic basis 
of these relationships. Endosymbiosis 
remains rich with mysteries, but one 
thing we know for sure is that our 
current understanding is just the tip of 
the iceberg. Future work promises to 
shed light on the mechanisms by which 
endosymbioses are established and 
maintained, and to reveal a diversity of 
previously unknown interactions that 
shape ecosystems ranging from the 
deep ocean to our own back yards.
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